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THE  USE  OF  EMULSIONS  TO  REPRESENT  DIELECTRIC 
MATERIALS  IN  ELECTROMAGNETIC  SCALE  MODELS 


Glenn  S.  Smith,  Fellow,  IEEE  and  Waymond  R.  Scott,  Jr.,  Member,  IEEE 


School  of  Electrical  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332-0250 


ABSTRACT 


The  electrical  constitutive  parameters  of  materials  in  a  scale  model  and  the 
corresponding  full-sized  system  must  satisfy  certain  relationships.  Thus, 
it  is  desirable  to  have  a  series  of  materials  with  a  range  of  electrical 
parameters  or  mixtures  of  materials  with  adjustable  electrical  parameters 
for  u6e  in  scale  models.  In  this  paper,  simple  emulsions  are  examined  as 
materials  with  adjustable  electrical  constitutive  parameters.  These  emulsions 
are  mixtures  of  oil,  saline  solution,  and  a  suitable  stabilizing  agent 
(emulsifier).  Since  the  relative  permittivities  of  oil  and  water  are  around 
two  and  eighty,  respectively,  a  large  range  of  permittivity  can  be  obtained 
for  the  emulsions.  The  conductivity  of  the  emulsions  can  be  adjusted  by 
changing  the  normality  of  the  saline  solution.  A  series  of  oil-in-water 
emulsions  (oil  droplets  in  water),  suitable  for  use  in  scale  models,  is 
developed;  this  includes  the  selection  of  an  appropriate  emulsifier.  The 
electrical  constitutive  parameters  of  these  emulsions  are  adjustable  over  wide 
ranges,  and  are  predictable  from  a  simple  formula.  As  an  example,  an  emulsion 
that  is  a  scale  model  for  red-clay  earth  is  described.  This  emulsion  matches 
the  electrical  constitutive  parameters  of  the  clay,  including  the  dispersion 
in  the  conductivity,  over  a  ten-to-one  frequency  range. 


This  research  was  supported  in  part  by  Rome  Air  Development  Center  under 
Contract  F30602-81-C-0185,  and  by  the  Joint  Services  Electronics  Program  under 
Contracts  DAAG29-84-K-0024  and  DAAL03-87-K-0059. 
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I 


INTRODUCTION 


Electromagnetic  scale  models  are  of  value  in  the  design  and  testing  of 
electromagnetic  systems  that  are  on  a  scale  too  large  or  too  small  for  routine 
laboratory  investigation  ll,2j.  For  example,  the  performance  of  antennas  over 
or  buried  in  the  earth  can  be  evaluated  in  the  laboratory  using  reduced  sise 
scale  models  operated  at  frequencies  higher  than  those  used  for  the  actual 
antennas.  For  this  application,  a  material  is  needed  that  will  model  the 
electrical  properties  of  the  earth. 

A  common  form  for  the  scale  model  is  one  in  which  the  physical  dimensions 
(r)  are  scaled  by  the  factor  and  the  frequency  ( u )  is  scaled  by  the  factor 

-  i/v 

r^  ■  k^r^  (la) 

u>  "  "  (1/k, )«r  »  (lb) 

where  the  subscripts  f  and  m  refer  to  the  full-sized  system  and  the  model, 
respectively  [1],  The  electrical  constitutive  parameters  for  every  material 
in  the  system  must  also  be  scaled.  The  scale  factors  are,  for  the 
permittivity  k£  •  1 

e  (w  )  »  k  e.(w.)  »  e.(u»,)  ,  (lc) 

mm  eff  f  f 

for  the  permeability  k^  •  1 

W  "  kWWf(“f)  "  Wf(“f)  •  (ld) 

and  for  the  conductivity  kff  •  l/k| 


W  *  Vf^f5  "  • 


(le) 


4 


From  (lc)  Che  permitcivities  of  Che  materials  in  Che  full-sited  sysCem  and  the 
model  musC  be  Che  same.  Noce  however,  Chat  Che  right-hand  side  of  (lc)  is 
evaluated  at  the  frequency  while  the  left-hand  side  is  evaluated  at  the 
frequency  Consequently,  a  material  in  the  full-sited  system  can  only  be 

used  to  represent  itself  in  the  model  when  the  permittivity  of  the  material 
does  not  have  significant  dispersion  over  the  frequency  range  which  includes 
ue  and  (i>  .  The  condition  (Id)  for  the  permeabilities  is  easily  met  when  all 
materials  in  the  full-sited  system  and  model  are  nonmagnetic  u  *  p q .  The 
conductivities  (le)  in  the  full-sited  system  must  be  scaled  by  the  factor 

1/k.  in  the  model. 

I 

Clearly  it  is  desirable  to  have  a  series  of  materials  with  a  range  of 
electrical  properties  or  mixtures  of  materials  with  adjustable  electrical 
properties  for  use  in  scale  models.  Examples  of  the  latter  are  saline 
solutions  at  frequencies  below  the  microwave  range;  the  solutions  have  a 
nearly  constant  permittivity  and  a  conductivity  that  is  adjustable  by  varying 
the  salt  concentration.  Mixtures  of  materials  that  have  both  an  adjustable 
permittivity  and  an  adjustable  conductivity  are  much  more  difficult  to 
formulate.  In  addition  to  having  the  desired  electrical  properties,  materials 
used  in  scale  models  should  be  nontoxic,  nonflammable,  noncorrosive,  and 
relatively  inexpensive. 

In  this  paper,  emulsions,  which  are  mixtures  of  oil  and  water,  are 
examined  as  materials  for  use  in  scale  models.  The  relative  permittivity  of 
oil  is  around  two,  while  that  of  water  is  around  eighty.  Thus,  a  wide  range 
of  relative  permittivity  can  be  obtained  by  mixing  these  components.  The 
conductivity  of  the  emulsion  can  be  adjusted  by  changing  the  concentration  of 
an  electrolyte,  such  as  sodium  chloride,  in  the  aqueous  phase. 

II.  BASIC  PROPERTIES  OF  EMULSIONS 

"An  emulsion  is  a  heterogeneous  system,  consisting  of  at  least  one 
immiscible  liquid  intimately  dispersed  in  another  in  the  form  of  droplets, 
whose  diameters,  in  general,  exceed  0.1  p.  Such  systems  possess  a  minimal 
stability,  which  may  be  accentuated  by  such  additives  as  surface-active 
agents,  finely-divided  solids,  etc."  [3]. 
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The  prototypical  emulsion  is  one  where  the  two  phases  are  oil  and  water , 
and  the  discussion  presented  here  will  be  limited  to  this  case.  When  the 
disperse  phase  (droplets)  is  oil  and  the  continuous  phase  (matrix)  is  water, 
the  emulsion  is  referred  to  as  an  oil-in-water  emulsion  (0/W).  Conversely, 
when  the  disperse  phase  is  water  and  the  continuous  phase  is  oil,  the  emulsion 
is  referred  to  as  a  water-in-oil  emulsion  (W/0).  Two  familiar  emulsions  are 
■ilk  and  butter;  milk  being  an  0/W  emulsion,  while  butter  is  a  W/0  emulsion. 
Other  common  products  that  are  emulsions  include:  cosmetic  creams  and 
lotions,  pharmaceuticals,  polishes,  paints,  asphalt,  and  numerous  food 
preparations. 

Ordinary  experience  suggests  that  oil  and  water  do  not  readily  form  a 
stable  mixture.  The  formation  of  an  emulsion  usually  requires  the  addition  of 
an  emulsifier  or  suface-active  agent  and  substantial  agitation  [3-5).  The 
molecules  of  the  emulsifier  are  absorbed  at  the  interface  between  the  two 
imiscible  liquids  (oil/water  interface).  The  emulsifier  lowers  the  inter¬ 
facial  surface  tension  between  the  liquids.  While  this  greatly  aids  in  the 
formation  of  an  emulsion,  it  may  not  be  the  only  significant  effect  of  the 
emulsifier  [3]. 

Generally,  the  molecules  of  the  emulsifier  have  a  hydrophilic  (water- 
loving)  group  which  is  oriented  toward  the  water  side  of  the  interface,  and  a 
lipophilic  (oil-loving)  group  which  is  oriented  toward  the  oil  side  of  the 
interface.  The  emulsifier  may  be  anionic,  cationic,  or  nonionic.  For  anionic 
(cationic)  emulsifiers,  anions  (cations)  are  absorbed  at  the  oil/water 
interface  and  cations  (anions)  are  released  into  the  aqueous  phase,  while  for 
nonionic  emulsifiers,  few  free  ions  are  released  into  the  aqueous  phase. 

The  effectiveness  of  an  emulsifier  is  greatly  dependent  on  the  ingre¬ 
dients  of  the  emulsion,  and  an  empirical  procedure  is  generally  used  to  select 
the  most  effective  emulsifier  for  a  particular  emulsion.  The  type  of  emulsion 
formed,  0/W  or  W/0,  is  also  strongly  dependent  on  the  choice  of  emulsifier. 
For  example,  a  50/50  mixture  of  oil  and  water  may  form  an  0/W  emulsion  or  a 
W/0  emulsion  depending  upon  the  emulsifier. 
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The  agitation  required  to  form  an  emulsion  can  be  supplied  by  different 
equipment,  the  simplest  being  a  propeller  used  to  stir  the  mixture.  Other 

equipment  includes  hooogenizers  and  colloid  mills.  In  these  machines,  the 
shearing  forces  needed  to  form  the  emulsion  are  obtained  by  forcing  the 

mixture  through  a  small  orifice  at  high  pressure  (homogenizer ) ,  or  by  passing 
the  mixture  between  a  close  fitting  stator  and  revolving  rotor  (colloid 
mill).  An  emulsion  can  also  be  formed  by  subjecting  the  mixture  to  intense 
ultrasonic  irradiation. 

In  general  terms,  the  stability  of  an  emulsion  is  a  measure  of  the 

constancy  of  its  physical  properties  with  time.  The  time  scale  associated 
with  significant  variation  in  a  physical  property  may  range  from  seconds  to 
years,  depending  upon  the  particular  formulation.  The  changes  in  the 

structure  of  the  emulsion  that  affect  the  stability  are  complex;  however,  a 
few  simple  changes  can  be  identified  [3,4]. 

At  formation  the  droplets  of  the  disperse  phase  are  uniformly  distributed 
throughout  the  emulsion.  With  time,  the  droplets  may  drift  upward  or  downward 
forming  an  increase  in  the  disperse  phase  at  the  top  or  bottom  of  the  vessel 
containing  the  emulsion.  This  process  is  known  as  creaming,  and  it  is  the 
cause  of  cream  separating  fiom  unhomogenized  milk.  The  parameters  that  affect 
the  rate  of  creaming  are  made  evident  by  the  Stokes  relation  for  the  sedimen¬ 
tation  rate  v  of  a  spherical  particle  in  a  viscous  liquid  [3,4]: 

v  -  2gr2(p1-p2>/9n2  .  (2) 

Here,  r  is  the  radius  of  the  droplet,  p^  the  density  of  the  disperse  phase,  p2 

and  t\2  the  density  and  viscosity  of  the  continuous  phase,  and  g  is  the 

*  .1 

acceleration  due  to  gravity.  Note,  for  P2  >  p^,  which  is  normally  the  case 


*The  subscripts  1  and  2  will  be  used  throughout  to  indicate  parameters  for  the 
disperse  phase  and  the  continuous  phase,  respectively. 
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for  an  0/W  etr’  1  sion,  v  i*  negative  and  the  particle  aovec  upward,  while 
for  >  pj,  v>  jh  ia  normally  the  caae  for  a  W/0  emulsion,  v  ia  poaitive  and 
the  particle  moves  downward.  Froa  (2),  it  ia  clear  that  the  rate  of  creaming 
can  be  decreased  by  reducing  the  aixe  (radiua  r)  of  the  dropleta,  making  the 
densities  of  the  two  phases  nearly  the  same  (p^  ■  p  ),  or  increasing  the 
viscosity  (r^)  of  the  continuous  phase.  Creaming  can  often  be  reversed  by 
siaply  stirring  the  emulsion. 

Another  change  in  the  structure  of  the  emulsion  that  affects  the 
stability  is  the  coagulation  of  the  droplets.  Coagulation  occurs  in  stages: 
first,  the  droplets  form  aggregates  in  a  process  known  as  flocculation. 
Coalescence  then  occurs  with  several  droplets  combining  to  form  a  single  large 
drop.  This  process  continues  until  the  two  phases  form  separate  layers  in  the 
vessel  containing  the  emulsion.  At  this  point,  complete  demulsi fication  has 
occurred.  The  emulsion  can  then  be  reformed  only  by  subjecting  it  to  the 
process  (homogenisation,  ultrasonic  irradiation,  etc.)  used  in  its  initial 
formation. 

Other  examples  of  changes  in  structure  are  an  inversion,  where  the 
emulsion  type  changes  (an  0/W  emulsion  inverts  to  became  a  W/0  emulsion),  and 
the  formation  of  a  multiple  emulsion,  where  both  types  of  emulsions  exist 
simultaneously  (0/W  and  W/0). 

The  most  difficult  task  in  designing  an  emulsion  is  usually  choosing  the 
ingredients,  particularly  an  emulsifier,  and  the  method  of  agitation  so  as  to 
obtain  an  emulsion  with  the  desired  stability. 

111.  ELECTRICAL  PROPERTIES  OF  EMULSIONS  -  THEORY 

An  emulsion  can  be  considered  a  heterogeneous  system  consisting  of  two 
components,  e.g.,  water  and  oil.  Since  the  droplets  which  form  the  disperse 
phase  of  the  emulsion  are  small  on  the  macroscopic  scale,  their  diameters  are 
usually  in  the  range  0.1  to  100  p ,  the  macroscopic  electrical  properties  of 
the  emulsion  can  be  described  by  an  average  permittivity  c  and  an  average 


conductivity  o.  The  average  permeability  of  the  emulsion  ia  assumed  to 
be  y  *  since  the  components  are  generally  nonmagnetic. 


Numerous  approximate  formulas  have  been  proposed  for  determining  the 
permittivity  and  the  conductivity  of  heterogeneous  systems  [6J.  Several 
investigators  have  examined  the  accuracy  of  such  formulas  for  use  with 
emulsions.  The  most  prominent  of  these  is  T.  Hanai ,  who  carried  out  an 
extensive  investigation  of  the  electrical  properties  of  emulsions  in  the  late 
1950*6  and  the  early  1960's  (7],  Hanai  compared  the  predictions  of  various 
formulas  with  experimental  results,  and  found  that,  for  certain  emulsions,  the 
formula  of  Bruggeman  [8]  gave  the  best  agreement.  Bruggeman's  formula  is  for 
lossless  dielectrics,  with  the  real  relative  permitt ivit ies  and 

representing  the  particles  (disperse  phase)  and  the  matrix  (continuous  phase), 
respectively.  When  the  particles  are  spherical  and  the  volume  fraction  of  the 
disperse  phase  is  Bruggeman's  formula  for  the  average  relative  permit¬ 

tivity  of  the  heterogeneous  system  becomes 


e  -c  3  e 

(r^r->  -«-V3r- 

r2  rl  1  r2 


Hanai  showed  that  Bruggeman's  formula  also  applied  for  lossy  dielectrics. 
After  introduction  of  the  complex  relative  dielectric  factor 


(4) 


(5) 


2 

The  overbar  will  be  used  to  indicate  the  average  of  an  electrical  parameter 
for  the  heterogeneous  system. 
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In  the  literature  on  emulsions,  equation  (5)  is  sometimes  referred  to  as  the 
Hanai-Bruggeman  formula. 

It  is  important  to  keep  in  mind  that  this  formula  (5)  is  an 
approximation.  The  approximate  nature  of  the  formula  is  due  to  two  factors: 
the  simple  physical  model  used  to  represent  the  system  (emulsion),  and  the 
assumptions  made  in  analyzing  the  model.  For  example,  the  physical  model  does 
not  account  for  any  special  phenomena  that  may  exist  at  the  surface  of  the 
particles,  such  as  spatially  extended  charge  layers  (Debye  screening)  that  are 
the  result  of  a  diffusion  mechanism  (9).  The  justification  for  the  use  of 
this  formula  with  emulsions  rests  on  its  agreement  with  experimental  results, 
such  as  those  to  be  presented  in  the  next  section  of  this  paper. 


The  new  complex  variable  q, 


or 


£  -C  , 

" »  (r^r-)  . 
S2  Si 


S  *  Crl  *  T,(5r2“Cri)  * 


(6a) 

(6b) 


is  now  introduced  to  put  (5)  in  a  form  that  is  more  suitable  for  computation: 


n3  -  (l  -  (!-♦.  )3n  -  (i^-)(l-*.)3  "  0  . 

*r2  1  S2 

The  three  roots  of  this  cubic  equation  are  given  by  the  formula 


(7) 


with 


and 


n  .  cej(n'1),r/3  ♦U-(l  (!-♦.) Vj(n-1>,,/3  .  n-  1,2,3,  (8a) 

n  1  3Cj  Cr2  1 


CjS  [C2(1  Ml  0]V/J)]"5  . 


(8b) 

(8c) 


The  roots  of  (7)  are  particularly  simple  for  the  two  cases  ■  0  and 
*  1.  When  ■  0,  one  of  the  three  roots  is  always  n  ■  1;  and  when  *  1* 
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all  three  roots  are  n  ■  0.  Figure  1  shows  the  tracks  the  three  roots  make  in 
the  complex  n  plane  as  4j  varies  from  0  to  1.  Results  are  presented  for  both 
0/W  and  W/0  emulsions.  For  this  example,  the  constituents  of  the  emulsion  are 
chosen  to  be  lossless  (C^j  and  C  real)  to  simply  the  resume. 

When  £r  is  to  be  computed  for  a  general  value  of  4^,  with  and  £ ^ 
specified,  an  iterative  procedure  is  convenient  for  selecting  the  correct 
root  of  (7).  In  this  procedure,  the  three  roots  are  first  computed  for  the 
case  =  0;  the  correct  root  for  this  case  is  always  h  "  1  (C~r  ■ 

Next,  4^  is  incremented  by  a  small  amount;  the  three  roots  are  again  deter¬ 
mined,  and  the  root  closest  to  n  ■  1  is  selected  as  the  new  correct  root. 
This  procedure  is  repeated  with  the  root  closest  to  the  previous  correct  value 
always  selected  as  the  new  correct  root.  When  the  desired  value  for  it 
reached,  is  determined  from  the  correct  root  using  (6b).  Note,  for  the 
example  in  Figure  1,  the  correct  root  is  always  the  one  on  the  horizontal  axis 
within  the  range  0  <  Re(n)  <  1. 

The  point  4^  =  1,  rather  than  4^  *  0,  cannot  be  used  as  the  starting 
point  in  the  above  procedure.  The  correct  root  cannot  be  selected  when 
4j  *  1,  since  all  three  roots  have  the  same  value  n  *  0. 

Bruggeman's  formula  (5)  will  now  be  used  to  compute  the  electrical 
properties  of  a  simple  emulsion  composed  of  mineral  oil  and  an  aqueous  sodium 
chloride  solution  (saline  solution).  The  numerical  results  from  this  example 
illustrate  many  of  the  important  electrical  characteristics  of  emulsions.  The 
mineral  oil  in  the  emulsion  is  assumed  to  be  a  lossless  dielectric  with  a  real 
relative  permittivity  which  is  frequency  and  temperature  independent 


e  *  constant  , 
r 

and  a  negligible  conductivity 

o  ■  0  . 


(9a) 


(9b) 
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Figure  1.  Location  of  Roots  of  Cubic  Equation  for  17  as  a  Function  of 

For  O/W  Emulsion  fa  =  2.5  ,  fa  =  77.0; 

For  W/O  Emulsion  fa  —  77.0  ,  fa  =  2.5. 
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The  saline  solution  has  a  complex  relative  permittivity  ~  je'^  that  is 

well  described  by  the  Debye  relation  for  a  material  with  a  single  relaxation 
time 

e  «  e  (T,N)  «  e  ♦  [e  (T,N)  -  c  ] /[  1  +  ja>T(T,N)]  ,  (10  a) 

r  r  r*>  ro  r® 

and  a  real,  frequency  independent  conductivity 

o  *  o (T,N)  .  (10b) 

Expressions  for  the  four  parameters  e  ,  e  ,  t,  and  a,  which  are  functions  of 

ro  r® 

the  temperature  T  and  the  normality  N  of  the  saline  solution,  are  given  in 
Appendix  A. 

The  graphs  in  Figures  2  and  3  show  the  average  relative  permittivity 
and  the  average  conductivity  a  (both  are  real  quantities)  as  functions  of  the 
frequency  for  two  mineral  oil,  saline  solution  emulsions.  Also  shown  on  the 
graphs  are  the  factors 

T'  «  r 

r  r 

(11) 

T"  *  o/ue  . 

r  o 


The  electrical  properties  of  the  emulsions  can  be  described  by  e^.  and  o,  or 

equivalently  by  and  and  both  representations  will  be  useful  for  the 

following  discussion.  Figure  2  is  for  an  oil-in-water  (0/W)  emulsion  with  the 

-3 

volume  fraction  of  mineral  oil  ■  0.5  and  the  normality  N  *  10  for  the 

saline  solution.  While  Figure  3  is  for  a  water-in-oil  (W/0)  emulsion  with  the 
volume  fraction  of  mineral  oil  ■  0.5  and  the  normality  N  *  10  for  the 

saline  solution.  The  relative  permittivity  for  the  mineral  oil  in  both  emul¬ 
sions  is  ■  2.19.  Note  that  the  ingredients  of  the  two  emulsions  are  the 
same  (50/50  mixture  of  oil  and  water),  the  only  difference  being  that  the 
saline  solution  forms  the  continuous  phase  for  Figure  2,  while  the  mineral  oil 
forms  the  continuous  phase  for  Figure  3.  The  relative  permittivities  and 
conductivities  of  the  two  emulsions  are  seen  to  be  significantly  different  at 
all  frequencies,  with  both  parameters  being  generally  higher  for  the  0/W 
emulsion. 
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!.  Electrical  Constitutive  Parameters  of  a  Mineral  Oil,  Saline 
Solution  O/W  Emulsion  as  a  Function  of  Frequency,  $1  = 


Electrical  Constitutive  Parameters  of  a  Mineral  Oil,  Saline 
Solution  W/O  Emulsion  as  a  Function  of  Frequency,  $i  = 


For  both  emulsions,  the  dispersion  with  frequency  in  5^  and  thst  is 
centered  near  f  ■  20  GHz  (A  on  the  graphs)  is  due  to  the  dipolar  relaxation  of 
the  water  molecule.  This  phenomenon  is  also  the  cause  of  the  increase  in  o' 
for  frequencies  f  >  100  MHz.  Additional  calculations  show  that  the  location 
and  extent  of  this  dispersion  are  relatively  independent  of  and  N.  For  the 
W/O  emulsion.  Figure  3,  there  is  a  second  and  similar  dispersion  in  and  ££ 
centered  near  f  •  20  MHz  (B  on  the  graph).  This  dispersion  is  due  to  the 
Maxwell-Wagner  effect,  which  is  present  for  all  heterogeneous  systems  when  one 
or  more  of  the  components  are  conducting  [10].  Additional  calculations  show 
that  the  location  of  this  dispersion  is  a  function  of  and  N.  An  increase 
(decrease)  in  the  normality  of  the  saline  solution  would  cause  this  dispersion 
to  move  to  higher  (lower)  frequencies  at  a  rate  of  approximately  one  decade 
for  each  factor  of  ten  increase  in  normality.  Thus,  for  normality  N  >  10  , 
there  would  be  a  significant  overlap  of  the  two  regions  of  dispersion  (A  and  B 
in  Figure  3)  for  the  W/0  emulsion.  The  dispersion  due  to  the  Maxwell -Wagner 
effect  is  also  present  for  the  0/W  emulsion,  but  it  is  too  email  to  be  seen  on 
the  graphs  in  Figure  2,  and  in  general  this  dispersion  is  insignificant  for 
practical  0/W  emulsions. 

Oil-in-Water  Emulsions 


A  material  for  general  use  in  scale  models  must  have  adjustable 
electrical  properties  that  are  dispersionless  or  have  simple,  predictable 
dispersion  with  frequency.  From  the  above  discussion,  it  is  clear  that  the 
dispersion  for  W/0  emulsions  exhibits  a  complicated  dependence  on  the 
constituents  of  the  emulsion  (#^,N).  Thus  W/0  emulsions  have  limited  value  as 
materials  for  general  use  in  scale  models,  and  they  will  not  be  discussed 
further  in  this  paper.  On  the  other  hand,  the  dispersion  in  the  electrical 
properties  of  0/W  emulsions  is  seen  to  be  fairly  simple.  For  frequencies 
f  <  3  GHz,  the  relative  permittivity  is  approximately  constant  and  equal  to 
the  low  frequency  value  e” 


e 

r 


'rLF 


t 


(12) 
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while  the  conductivity  is  approximately  equal  to  a  constant,  the  low-frequency 

value  a.-,  plus  a  term  which  increases  as  the  square  of  the  frequency, 

LF 


°  *  ?LF  *  erLFFotf(GHz)J2  • 


(13) 


Expressions  for  the  factors  e  o  ,  and  F  ,  which  appear  in  these 

rLF  LF  0 

equations,  are  developed  in  Appendix  B: 


erLF(T,N,*l)  *I^3erl  +  (1“*1  ^  2ero(T*N)  “  *rl^  * 


(14) 


fo(t.n,*x) 


—  3/2 

o^T.N,^)  -o2(T,N Hl-^)  '  , 

(2»xl09)2e  [e  (T,N)-t  ]t(T,N) 


ol  ro  '  r»J 


(15) 


[2ero(T,N)*tri][TrU,(I,S,«1)-crl] 


(16) 


In  these  equations,  e^j  is  the  relative  permittivity  of  the  oil  phase  (9a), 

and  €ro ,  e^,  t,  and  a 2  are  the  parameters  for  the  6aline  solution  (10a, b). 

Numerical  values  for  the  average  electrical  constitutive  parameters  er 
and  a  of  a  mineral  oil,  saline  solution  0/W  emulsion  are  easily  computed  from 
specified  e  ,  N,  and  T,  using  equations  (12)— (16)  and  the  formulas  in 
Appendix  A.  However,  insight  into  the  dependence  of  these  parameters  on  the 
volume  fraction  of  oil  and  normality  of  the  saline  solution  N  is  more 

readily  obtained  from  the  graphical  results  presented  in  Figures  4  and  5. 

Figure  4  shows  the  low-frequency  electrical  constitutive  parameters  e~ 
and  o  pas  functions  of  t.  and  N  at  the  temperature  T  *  23*C  (room 
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Low-Frequency  Electrical  Constitutive  Parameters  of  Mineral 
Oil,  Saline  Solution  O/W  Emulsions,  T  =  23°C. 


Figure  5.  The  Coefficient  Fa  for  Mineral  Oil  ,  Saline  Solution 
Emulsion,  T  =  23 °C. 


temperature).  The  relative  permittivity  erLF  is  seen  to  depend  mainly  on  the 
voltase  fraction  of  oil  while  the  conductivity  depends  mainly  on  the 
normality  of  the  saline  solution  N.  Both  parameters  are  adjustable  over  vide 
ranges:  10  <  T  <  80  and  4  x  10“^  S/m  <  F._  <4  S/m. 

^  r  LF  ^  ^  Lr 

—2 

For  normalities  N  <  4  x  10  ,  the  permittivity  is  nearly  independent  of 

the  normality,  i.e.,  the  curves  *  constant  are  horizontal  straight  lines. 
However,  at  higher  normalities  the  permittivity  decreases  with  increasing 
normality.  The  largest  decrease  is  for  the  pure  saline  solution,  the 
uppermost  curve  #j  ■  0.  This  phenomenon  is  thought  to  be  caused  by  the  polar 
water  molecules  forming  a  "hydration  sheath"  around  each  ion.  The  water 
molecules  in  the  hydration  sheath  are  not  free  to  orient  in  an  applied 
electric  field;  this  produces  a  net  decrease  in  the  dipole  moment  per  unit 
volume  and,  hence,  in  the  permittivity  of  the  solution  [11]. 

In  Figure  5,  the  coefficient  F  is  graphed  as  a  function  of  ♦  ,  and  N  at 

o  l 

the  temperature  T  *  23*C.  is  seen  to  be  fairly  independent  of  the 

normality  for  N  <  10”*. 

IV.  A  SERIES  OF  O/W  EMULSIONS  FOR  USE  IN  SCALE  MODELS 

The  theoretical  results  presented  in  the  previous  section  suggest  that 
simple  0/W  emulsions  can  serve  as  materials  with  adjustable  electrical  proper¬ 
ties  for  use  in  scale  models.  Of  course,  the  theoretical  results  say  nothing 
about  the  practicality  of  formulating  these  emulsions;  this  issue  will  now  be 
addressed. 

For  a  series  of  emulsions  to  be  of  general  value  for  use  in  scale  models, 
they  should  satisfy  the  following  requirements. 

(1)  The  electrical  constitutive  parameters  of  the  emulsion  c^.  and  o 
should  be  predictable  from  simple  formulas,  such  as  equations  (12)- 
(16),  for  a  wide  range  of  the  parameters  6^  and  N. 

(2)  All  emulsions  in  the  series  should  be  prepared  from  the  same  basic 
ingredients,  e.g.,  a  single  oil,  such  as  mineral  oil;  a  single 
emulsifier  or  a  single  blend  of  emulsifiers,  etc. 
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(3)  The  emulsifiers  used  should  be  nonionic.  Recall  that  nonionic 
emulsifiers  release  few  free  ions  into  the  aqueous  phase  of  the 
emulsion,  while  ionic  emulsifiers  release  many  free  ions.  For  the 
conductivity  of  the  emulsions  to  be  determined  primarily  by  the 
normality  of  the  saline  solution,  nonionic  emulsifiers  mu6t  be  used. 

(4)  The  ingredients  in  the  emulsion  should  be  relatively  noutoxic, 
nonflammable,  noncorrosive,  and  inexpensive. 

(5)  The  emulsions  should  exhibit  reasonable  stability;  that  is,  the 
electrical  constitutive  parameters  "F  and  a  should  be  reasonably 
constant  over  the  time  required  for  an  electromagnetic  measurement. 

The  most  difficult  task  in  formulating  the  series  of  emulsions  was  the 
selection  of  the  proper  emulsifier.  This  task  was  complicated  by  the  fact 
that  electrolytes,  such  as  sodium  chloride,  decrease  the  stability  of 
emulsions  stabilized  with  certain  nonionic  emulsifiers  [12].  Thus,  an 
emulsifier  that  produced  excellent  stability  for  a  low  conductivity  emulsion 
(low  normality  for  the  saline  solution)  would  often  produce  unacceptable 
stability  for  a  high  conductivity  emulsion  (high  normality  for  the  saline 
solution) . 

All  of  the  emulsions  tested  were  formed  from  heavy  white  mineral  oil 
(Fisher  Scientific  No.  0-122,  Sabolt  viscosity  335/365,  density  0.86  gm/ml) 
and  saline  solutions  prepared  by  dissolving  sodium  chloride  (Fisher  Scientific 
No.  5271)  in  distilled  water.  Measurements  of  the  mineral  oil  showed  that  it 
had  negligible  loss  and  a  frequency  independent  relative  permittivity  * 
2.19  (0  <  f  <  2.0  GHz).  The  low-frequency  conductivity  for  the  distilled 
water  was  less  than  2.0  x  10"^  S/m. 

A  200  ml  sample  of  each  emulsion  was  prepared  in  the  following  manner. 
The  emulsifier  was  mixed  with  the  mineral  oil,  and  then  the  combination  was 
added  to  the  saline  solution,  while  the  latter  was  being  stirred.  This  is 
known  as  the  "agent-in-oil-method"  of  forming  an  0/W  emulsion  [3],  The  sample 
was  then  subjected  to  ultrasonic  irradiation  while  being  stirred.  The  irradi¬ 
ation  was  provided  by  an  Ultrasonic  Oismembrator  (Fisher  Scientific  Model  No. 
300).  The  titanium  probe  of  this  device,  which  wa6  placed  directly  in  the 
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•ample,  produce*  approximately  300  Watts  of  ultrasonic  energy  at  a  frequency 
of  21  kHz.  Each  sample  vas  exposed  for  two  4-minute  periods;  the  temperature 
of  the  sample  rose  by  about  6-8 *C  during  each  exposure. 

After  formation,  the  emulsions  were  monitored  over  a  period  of  time  to 

determine  their  stability.  The  coagulation  of  oil  droplets  vas  determined 

with  a  light  microscope,  while  the  onset  of  creaming  vas  determined  by  simple 

visual  inspection.  The  final  measure  of  stability  vas  always  a  continuous 

or  periodic  measurement  over  time  of  the  electrical  constitutive  parameters 

T  and  ~o. 
r 

About  200  emulsions  vere  made  and  tested  using  the  procedures  described 
above.  Several  different  emulsifiers  and  emulsifier  blends  were  tried.  The 
•election  of  emulsifiers  was  guided  somewhat  by  the  use  of  the  "HLB  System" 
(Hydrophile-Lipophile  Balance)  (3,13-14].  This  is  a  widely  used,  systematic 
scheme  for  narrowing  the  number  of  emulsifiers  suitable  for  a  particular 
application.  The  details  of  the  HLB  System  are  well  covered  in  the  references 
and  will  not  be  repeated  here. 

The  most  satisfactory  of  the  emulsifiers  tested  was  a  blend  of  the  two 
emulsifiers  TWEEN  20  (polyoxethylene  sorb it an  monolaurate)  and  SPAN  80 
(sorbitan  monooelate)  with  the  volume  (weight)  ratio  TWEEN  20/SPAN  80  ■ 
4. 5/5.5  (0.926).^  This  blend  has  an  "HLB  value"  of  10.3.  Both  of  these 
emulsifiers  are  used  in  the  cosmetics  industry  and  produce  no  known  physical 
or  health  hazards  [15].  In  all  of  the  emulsions  to  be  discussed,  the  amount 
of  the  emulsifier  used  was  ten  percent  by  volume  of  the  mineral  oil. 

Figures  6,  7,  and  8  show  the  measured  electrical  constitutive  parameters 
for  the  final  series  of  emulsions.  These  measurements  were  all  made  using  a 
shielded  open-circuited  coaxial  sample  cell  formed  from  a  section  of  50  ft 
Laboratory  Precision  air  line  (General  Radio  GR900).  The  reflection  coeffi- 


3 

TWEEN  and  SPAN  are  trademarks  of  ICI  Americas, 
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Figure  6.  Comparison  of  Theoretical  and  Measured  Low-Frequency  Elec¬ 
trical  Constitutive  Parameters  of  Mineral  Oil,  Saline  Solution 
O/W  Emulsions,  T  =  23  ±  1°C. 


rLF 


Figure  8.  Variation  of  the  Low-Frequency  Electrical  Constitutive  Pa¬ 
rameters  with  Time  for  a  Mineral  Oil,  Saline  Solution  O/W 
Emulsion,  =  0.50,  N  =  10~s,r  «  23°C. 
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cient  at  the  teminals  of  the  cell  was  measured  with  a  Hewlett  Packard  model 
3S77A  or  model  8409C  Automated  Network  Analyser.  The  electrical  constitutive 
parameters  of  the  emulsion  were  then  determined  from  the  reflection  coeffi¬ 
cient  using  the  procedure  described  in  reference  [16]. 

In  Figure  6,  the  measured  low-frequency  electrical  constitutive  param¬ 
eters  and  are  compared  with  the  theoretical  values  computed  from 

equations  (14)  and  (15).  Results  are  shown  for  16  samples:  volume  fractions 

of  oil  ♦  .  *  0,  0.25,  0.50,  and  0.75;  and  normalities  for  the  saline  solution 
— —7  —1 

N  •  10  ,  10  ,  10  ,  and  1.0.  The  theoretical  values  are  indicated  by  the 

solid  dots,  while  the  measured  values  are  indicated  by  the  open  dots.  The  two 
sets  of  data  are  seen  to  be  in  good  agreement.  The  only  discrepancy  is  at  two 
points  in  the  lower  left-hand  corner  of  the  figure:  4^  •  0.5,  0.75;  N  »  10~^. 
For  these  points,  the  measured  conductivities  are  higher  than  the  theoretical 
predictions.  This  effect  is  caused  by  the  emulsifier.  Even  though  the  emul¬ 
sifier  is  nonionic,  a  small  number  of  free  ions,  possibly  due  to  impurities, 
are  still  released  into  the  aqueous  phase  of  the  emulsion.  These  ions  make  a 
noticeable  contribution  to  the  conductivity  when  the  emulsifier  content  is 
high  and  the  normality  of  the  saline  solution  is  low.  This  mechanism  was 
verified  by  additional  measurements  which  showed  that  a  reduction  in  the 
amount  of  emulsifier  decreased  the  discrepancy  for  the  two  points  in  Figure  6. 

In  Figure  7,  the  measured  constitutive  parameters  and  a  are  graphed  as 

functions  of  the  frequency  (50  MHz  <  f  <  2  GHz)  for  an  emulsion  with  4.  ■ 

—2  •  •  4 

0.50,  N  «  10  .  The  dispersion  in  the  conductivity  with  frequency  is  seen  to 

be  well  predicted  by  the  theoretical  results,  equation  (13):  the  conductivity 

is  equal  to  the  low-frequency  value  plus  a  term  which  increases  as  the  square 

of  the  frequency. 

Figure  8  shows  the  variation  in  the  constitutive  parameters  T  and  o„_ 

rLF  LF 

with  time  after  formation  of  the  emulsion.  These  results  are  for  an  emulsion 
•  —2 

with  *  0.5,  N  ■  10  ,  however,  they  are  typical  of  the  results  obtained  for 

other  emulsions  in  the  series.  The  constitutive  parameters  were  measured 
continuously  during  the  first  week  after  formation  (solid  line  in  Figure  8). 
During  this  period,  the  constitutive  parameters  remained  constant  except  for  a 


•mall  diurnal  variation,  which  was  possibly  due  to  changes  in  room  tempera¬ 
ture,  or  changes  in  the  line  voltage  to  the  electronic  instrumentation.  After 
the  first  week,  the  constitutive  parameters  were  measured  periodically  at 
about  one  week  intervals  (dots  in  Figure  8).  The  emulsion  was  stirred  lightly 
before  each  of  these  measurements.  The  last  measurements  were  made  60  days 
after  formation;  at  that  time,  the  electrical  parameters  showed  a  small 
deviation  from  their  initial  values. 

The  constituents  of  the  final  series  of  emulsions  are  summarized  in 
Table  I.  A  review  of  the  experimental  results  shows  that  these  emulsions 
satisfy  all  of  the  requirements  (1-5),  as  stated  at  the  beginning  of  this 
section,  for  a  series  of  emulsions  to  be  of  general  value  for  use  in  scale 
models.  The  theoretical  graphs  in  Figures  4  and  5  apply  to  these  emulsion, 
and  they  can  be  used  to  determine  the  parameters  4j  and  N  for  an  emulsion  to 
be  used  in  a  particular  model. 

V.  AN  EXAMPLE  -  A  MODEL  FOR  RED-CLAY  EARTH 

The  result 8  of  the  previous  section  will  now  be  used  to  formulate  an 
emulsion  for  use  in  an  actual  scale  model.  The  purpose  of  this  exercise  is  to 
illustrate  the  use  of  the  formulas  and  graphs  presented  in  the  last  section 
and  to  show  how  large  volumes  of  emulsions  can  be  formed.  Recall  that  200  ml 
volumes  of  emulsion  were  used  in  the  previous  tests;  for  the  model  to  be 
described,  several  hundred  liters  of  emulsion  are  required. 

The  scale  model  is  to  be  used  in  experimental  tests  of  ground  penetrating 
radars.  A  tank  filled  with  the  emulsion  simulates  the  earth.  Objects,  such 
as  pipes,  are  suspended  in  the  emulsion.  The  antennas  of  the  radar  are  placed 
above  the  air/emulsion  interface,  and  signals  from  the  radar  are  used  to 
locate  the  objects  in  the  emulsion. 

A  typical  Georgia  red  clay,  with  a  density  of  2.04  gm/ml  and  a  water 
content  of  20X  by  dry  weight,  was  chosen  to  represent  the  earth  in  the  full- 
sized  system.  The  measured  electrical  constitutive  parameters  and  o  of  the 
clay  for  frequencies  50  MHz  <  f  <  500  MHz  are  graphed  in  Figure  9  (dots). 
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Table  I 

Constituents  of  Oil- In- Water  Emulsions 
For  Use  in  Scale  Models 


Oil 

Heavy  White  Mineral  Oil 

Saybolt  Viscosity  335/365, 

Volume  Fraction  $i. 

Saline 

Solution 

Distilled  Water  with  NaCl 

Added  to  Adjust  Normality  N. 

Emulsifier 

Blend  of  two  Emulsifiers 

TWEEN  20  and  SPAN  80 
with  the  Volume  Ratio 

TWEEN  20/SPAN  80  =  4.5/5.5. 

Amount  of  Emulsifier  is  10% 
by  Volume  of  Amount  of  Oil. 

Note  that  the  upper  and  right-hand  scales  on  the  graphs  apply  to  the  full- 
sized  system.  The  relative  permittivity  of  the  clay  is  seen  to  be  fairly 
constant,  while  the  conductivity  increases  with  frequency. 

The  scale  model  is  to  be  one-third  size;  that  is,  the  scale  factor  for 
length  in  equation  (la)  is  k^  *  0.33...  Therefore,  the  frequencies  in  the 
full-sized  system,  SO  HHz  <  f^  <  500  MHz,  must  be  increased  by  the  factor 

(lb)  ■  3.0  in  the  model,  150  MHz  <  fffl  <  1.5  GHz.  According  to  equations 

(lc)  and  (le),  the  relative  permittivity  in  the  model  should  be  the  same  as 
that  in  the  full-sized  system,  while  the  conductivity  in  the  model  should  be 
three  times  that  in  the  full-sized  system. 

From  Figure  9,  the  relative  permittivity  of  the  clay  is  about  20.5;  e^p 

for  the  model  should  have  the  same  value.  Now  using  Figure  4  or  equation 

(14),  and  assuming  that  the  normality  is  low  enough  that  e  is  practically 

rLF 

independent  of  N,  the  volume  fraction  of  oil  is  found  to  be  “  0.625. 

The  conductivity  of  the  clay,  Figure  9,  increases  with  the  frequency  as 
does  the  conductivity  of  the  emulsion,  equation  (13).  Thus,  there  is  the 
possibility  that  the  dispersion  with  frequency  for  the  clay  can  be  matched 
with  the  emulsion.  Using  Figure  5  or  equation  (16),  and  again  assuming  that 
the  normality  is  low  (N  <  10-*),  the  factor  F  for  #.  *  0.625  is  found  to 

“3  7  O  i 

be  F^  ■  2.48  x  10  S/m  GHz  .  From  (13),  the  conductivity  of  the  emulsion  is 
then 

-  aL?  *  5.08  x  10~2[fffl(GHz)]2  .  (17) 

Now  at  the  middle  frequency  ff  *  300  MHz,  the  conductivity  in  the  full-sized 
system  is  o  *  5.3  x  10”^  S/m;  thus  at  the  frequency  fm  ■  900  MHz,  the  conduc¬ 
tivity  in  the  model  should  be  a  ■  1.59  x  10~*  S/m.  After  substituting  this 
value  into  (17),  is  found  to  be 


29 


( 7  (S/m),  Model 


0.12 


Frequency  (GHz),  Full  Size 


Measured,  Red  Clay 
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Figure  9.  Measured  Constitutive  Parameters  for  Red-Clay  Earth  (Full- 
Sized  System)  and  Theoretical  Constitutive  Parameters  for 
Emulsion  (Scale  Model),  T  «  23 °C. 


<7  (S/m),  Full  Size 


LF 


1.18  x  lCf1  S/m 


and  the  required  conductivity  and  normality  for  the  saline  solution, 
determined  from  Figure  4  or  equation  (15),  are  o ^  m  5.13  x  10-^  S/m  and 
N  «  0.048. 

The  parameters  for  the  emulsion  to  be  used  in  the  scale  model  are  summar¬ 
ized  below,  and  the  corresponding  points  in  Figures  4  and  5  are  indicated  by 
dots : 

-  0.625  ,  N  -  0.048 

TrLF  -  20.5  ,  oLp  -  1.18  x  10_1  S/m  ,  Fo  »  2.48  x  10~3  S/m  GHz2  . 

The  electrical  constitutive  parameters  and  a  for  this  emulsion,  computed 
from  equations  (12)  and  (13),  are  graphed  in  Figure  9  (solid  line).  Note  that 
the  lower  and  left-hand  scales  on  the  graphs  apply  to  the  scale  model.  The 
theoretical  constitutive  parameters  for  the  emulsions  are  seen  to  be  a  good 
match  to  the  measured  constitutive  parameters  for  the  red  clay  over  the  entire 
ten-to-one  frequency  range,  when  the  proper  scaling  is  taken  into  account. 

The  tank  which  contains  the  emulsion  in  the  scale  model  has  a  capacity  of 
242  liters;  thus  the  ingredients  for  the  emulsion  are  142.4  liters  of  oil; 
85.4  liters  of  saline  solution,  and  14.2  liters  of  emulsifier.  The  mineral 
oil  used  in  the  previous  tests  vas  not  available  in  bulk,  so  an  equivalent 
white  mineral  oil  (Penreco  No.  350,  Sabolt  viscosity  340/360)  was  substituted. 
Tap  water  was  also  substituted  for  distilled  water  in  the  preparation  of  the 
saline  solution. 

The  ultrasonic  probe  used  to  form  the  emulsions  in  the  previous  tests  is 
only  effective  for  volumes  less  than  about  one  liter;  thus  it  could  not  be 
used  with  the  242  liter  volume  required  for  the  model.  Instead,  the  emulsion 
was  formed  by  circulating  the  ingredients  through  a  rotary  gear  pump  (Teel 
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Model  No.  1P776)  for  twelve  hour*,  at  a  rate  of  about  90  liter*  per  minute. 
The  meshing  of  the  gear*  in  the  pump  provides  the  shearing  action  needed  to 
produce  the  emulsion. 

The  measured  electrical  constitutive  parameters  for  the  emulsion  c 
and  cr  are  compared  with  the  theoretical  results  in  Figure  10.  Data  are  shown 
for  a  small  16  liter  trial  batch  (solid  dots)  and  for  the  full  242  liter  batch 
used  in  the  model  (open  dots).  Both  sets  of  data  are  seen  to  be  in  good 
agreement  with  the  theoretical  results  (solid  line).  The  small  difference  in 
the  two  sets  of  measured  data  is  thought  to  be  due  to  the  inaccurate  measure* 
ment  of  the  large  volumes  of  ingredients  for  the  242  liter  batch. 

The  stability  of  the  emulsion  was  tested  by  periodically  measuring  its 
electrical  constitutive  parameters.  The  graphs  in  Figure  11  show  results 
measured  insnediately  after  formation,  one  week  after  formation,  and  three 
weeks  after  formation.  After  one  week,  there  was  negligible  change  in  the 
parameters.  However,  after  three  weeks,  the  parameters  changed  aignificantly . 
This  change  is  due  to  creaming  of  the  emulsion,  i.e.,  the  oil  droplets 
collecting  near  the  top  of  the  tank.  Since  the  sample  used  for  the  measure¬ 
ment  was  taken  from  the  top  of  the  tank;  it  had  a  higher  oil  content  and  lower 
relative  permittivity  than  the  initial  emulsion.  Circulating  the  emulsion 
with  the  gear  pump  for  one  hour  brought  the  electrical  constitutive  parameters 
back  to  their  initial  values. 

When  the  scale  model  is  not  in  use,  the  tank  is  covered  to  prevent 
evaporation  of  the  water  from  the  emulsion. 

VI.  SUMMARY  AND  DISCUSSION 

Emulsions  were  examined  as  materials  with  adjustable  electrical  constitu¬ 
tive  parameters  for  use  in  scale  models.  Both  the  theoretical  and 
experimental  investigations  involved  only  simple  emulsions  of  mineral  oil  and 
saline  solutions. 
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II 


a  (S/m) 


Frequency  (GHz) 

Figure  11.  Variation  with  Time  of  Electrical  Constitutive  Parameters  of 
0/W  Emulsion  Used  to  Model  Red>Clay  Earth,  T  tst  23 °C. 
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Bruggeman's  theoretical  formula  for  the  electrical  constitutive 
parameters  of  a  heterogeneous  system  was  applied  to  the  emulsions.  For  0/W 
emulsions  at  frequencies  less  than  about  3  GHz,  this  formula  was  shown  to 
reduce  to  three  easily  calculable  parameters  °lp»  an<*  •  The  first 
two  of  these  parameters  are  the  low-frequency  relative  permittivity  and 
conductivity,  while  the  third  is  related  to  the  frequency  dependence  of  the 
conductivity. 

A  series  of  0/W  emulsion  was  formulated  for  use  in  scale  models;  this 
involved  the  selection  of  an  appropriate  emulsifier.  The  ingredients  for  the 
emulsions  are  listed  in  Table  I.  The  electrical  constitutive  parameters  of 
these  emulsions  are  predicted  by  the  simplified  Bruggeman’s  formula  for  a  wide 
range  of  volume  fraction  of  oil  and  normality  of  the  saline  solution  N. 
The  emulsions  are  stable  over  a  period  of  one  week  or  more,  i.e.,  the  elec¬ 
trical  constitutive  parameters  do  not  vary  significantly  during  this  period. 

As  an  example,  an  emulsion  which  is  a  scale  model  for  red-clay  earth  was 
described.  This  emulsion  matches  the  electrical  constitutive  parameters  of 
the  clay,  including  the  dispersion  with  frequency  in  the  conductivity,  over  a 
ten-to-one  frequency  range. 

The  stability  of  the  0/W  emulsions  can  be  increased  considerably  by 
reducing  the  rate  of  creaming,  i.e.,  by  reducing  the  sedimentation  rate  of  the 
oil  droplets.  From  equation  (2),  a  reduction  in  the  size  of  the  oil  droplets 
is  the  most  effective  means  of  reducing  the  sedimentation  rate  (the  radius  of 
the  droplets  is  squared  in  the  equation).  The  size  of  the  oil  droplets  can  be 
reduced  by  using  a  machine  specifically  designed  for  preparing  emulsions,  such 
as  a  homogenizer.  A  homogenizer  was  not  available  for  use  in  the  experiments 
reported  in  this  paper.  The  use  of  a  homogenizer  would  have  the  added  benefit 
of  reducing  the  amount  of  emulsifier  required. 

The  sedimentation  rate  (2)  can  also  be  reduced  by  making  the  densities  of 
the  two  phases  nearly  equal  (pj  ■  p^).  Ibis  requires  an  oil  which  has  a 
density  equal  to  that  of  water  (1.0  gm/ml);  silicone  based  oils  are  available 
with  this  density,  but  they  are  very  expensive.  A  third  method  of  reducing 
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Che  sedimentation  rate  end  increasing  che  stability  of  the  0/W  emulsion  is 
to  increase  the  viacosity  of  the  saline  solution  by  the  addition  of  a 
thickening  agent,  such  as  aethylcellulose. 

The  discussion  in  this  paper  was  restricted  to  0/W  emulsion,  w/0  emul¬ 
sions  have  additional  dispersion  in  their  electrical  constitutive  parameters; 
this  makes  them  less  suitable  for  scale  models  which  are  to  be  used  over  a 
broad  band  of  frequencies.  W/0  emulsions,  however,  are  suitable  for  narrow 
band  and  single  frequency  models.  V/0  emulsions  generally  can  be  made  with 
lower  relative  permittivity  and  conductivity  than  similar  0/W  emulsions,  e.g., 
the  emulsions  in  Figures  2  and  3.  W/0  emulsions  can  also  be  made  semisolid  or 
solid  by  using  a  heavy  grease  or  wax  aa  the  continuous  phase. 

Emulsion  science  is  an  active  area  of  research  with  vast  application  in 
the  food,  pharmaceutical,  costmetics,  etc.,  industries.  The  literature  on 
this  subject  is  voluminous.  Only  the  simplest  0/W  emulsions  were  examined 
in  this  paper;  there  are  certainly  other  emulsions  that  have  interesting 
electrical  properties  and  possible  electromagnetic  applications. 

ACKNOWLEDGEMENT 

The  authors  would  like  to  thank  Professor  E.  Clayfieid  and  Mr.  P.  Watts 
of  the  School  of  Chemical  Engineering  at  Georgia  Tech  and  Dr.  J.  Gooch  of  the 
Georgia  Tech  Research  Institute  for  helpful  discussions  on  emulsion  at  the 
start  of  this  research.  The  authors  are  also  grateful  to  ICI  Americas,  Inc. 
for  supplying  samples  of  emulsifiers. 

The  senior  author  would  like  to  thank  Mr.  John  Heckscher  of  the  U.S.  Air 
Force  Geophysics  Laboratory  for  his  continued  interest  in  this  research.  His 
help  in  obtaining  support  for  the  research  is  also  greatly  appreciated. 


36 


REFERENCES 


R.  W.  P.  King  and  G.  S.  Smith,  Antennas  in  Matter:  Fundamentals, 

Theory,  and  Applications,  Cambridge,  MAr  MIT  Press,  Ch.  12,  1982. 

R.  J.  King,  "Physical  modeling  of  em  wave  propagation  over  the  earth," 
Radio  Science,  vol.  17,  pp.  103-116,  September-October  1982. 

P.  Becher,  Emulsions:  Theory  and  Practice,  2nd  Edition,  New  York:  Van 
Nostrand  Reinhold  Co.,  1966. 

P.  Sherman  (ed.),  Emulsion  Science,  New  York:  Academic  Press,  1968. 

D.  Atwood  and  A.  T.  Florence,  Surfactant  Systems:  Their  Chemistry, 

Pharmacy  and  Biology,  London:  Chapman  and  Hill,  Ltd.,  1983. 

L.  K.  H.  van  Beek,  "Dielectric  behavior  of  heterogenous  systems," 
Progress  in  Dielectrics,  J.  B.  Birks  (ed.),  London:  Reywood  Books,  vol. 
7,  Ch.  3,  1967. 

T.  Hanai,  "Electrical  properties  of  emulsions,"  Emulsion  Science, 
P.  Sherman  (ed.),  New  York:  Academic  Press,  Ch.  5,  1968. 

D.  A.  G.  Bruggeman,  "Berechung  verschiedener  physikal ischer  Konstanten 
von  heterogenen  Substanzen,"  Ann.  Physik.,  vol.  24,  pp.  636-664,  1935. 

S.  S.  Dukhin  and  V.  N.  Shilov,  Dielectric  Phenomena  and  the  Double  Layer 

in  Disperse  Systems  and  Polyelectrolytes,  New  York:  Ralsted  Press, 

1974. 


R.  W.  P.  King  and  G.  S.  Smith,  Antennas  in  Matter:  Fundamentals, 

Theory,  and  Applications,  Cambridge,  MA:  MIT  Press,  Ch.  6,  1981. 

J.  B.  Hasted,  Aqueous  Dielectrics,  London:  Chapman  and  Hill,  Ltd., 

1973. 


[12]  A.  T.  Florence,  F.  Madsen,  and  F.  Puisieux,  "Emulsion  stabilization  by 

non-ionic  surfactants:  the  relevance  of  surfactant  cloud  point,"  J. 

Pharm.  Pharmac , ,  vol.  27,  pp.  385-394,  1974. 

[13]  J.  Boyd,  C.  Parkinson,  and  P.  Sherman,  "Factors  affecting  emulsion 
stability,  and  the  HLB  concept,"  J.  Colloid  Interface  Sci.,  vol.  41, 
pp.  359-370,  November  1972. 

[14]  The  HLB  System,  ICI  Americas  Inc.,  Wilmington,  Delaware,  1984. 

[15]  Material  Safety  Data  Sheets  for  TWEEN  20  and  SPAN  80,  ICI  Americas  Inc., 
Wilmington,  Delaware,  1985. 


37 


[16]  tf.  R.  Scott,  Jr.  and  G.  S.  Smith,  "Error  analysis  for  dielectric 

spectroscopy  using  shielded  open-circuited  coaxial  lines  of  general 
length,"  IEEE  Trans.  Instrum,  and  Meas.,  vol.  IM-35,  pp.  130-137,  June 
1986. 

[17]  A.  Stogryn,  "Equations  for  calculating  the  dielectric  constant  of  saline 
water,"  IEEE  Trans.  Microwave  Theory  and  Tech.,  vol.  MTT-19,  pp.  733- 
736,  August  1971. 

[18]  H.  J.  DeWane  and  W.  J.  Hamer,  Electrolytic  Conductivity  of  Aqueous 

Solutions  of  the  Sodium  Halides,  Electromechanical  Data  Part  XII,  KBS 
Report  9979,  January  1969. 


38 


APPENDIX  A 


EXPRESSIONS  FOR  ELECTRICAL  PARAMETERS  OF 
AQUEOUS  SODIUM  CHLORIDE  SOLUTIONS 

The  following  expressions  for  the  electrical  parameters  of  aqueoua  sodium 
chloride  solutions  as  functions  of  the  normality  N  and  temperature  T(*C)  are 
from  Stogryn  ( 17 ] : 


Static  Permit t ivit ' 


e  (T,N)  =  e  (T,0)a(N) 
ro  ro 


ero(T,0)  =  87.74  -  4.001  x  10  *T  ♦  9.398  x  10~AT2  +  1.410  x  10~6T3  (19) 


a(N)  =  1.000  -  2.551  x  10_1N  +  5.151  x  10  V  -  6.889  x  10_3N3  (20) 


Infinite  Frequency  Permittivit' 


e  =4.9 
r® 


Relaxation  Time 


x (T,N)  =  T (T,0)b(N,T) 


t  (T ,  0)  =  1.768  x  10”U  -  6.086  x  10~13T 

-14  2  -17  3 

♦  1.104  x  10  T  -  8.111  x  10  T 


b(N,T)  *  1.463  x  10_3NT  +  1.000  -  4.896  x  10~2N 
-  2.967  x  10~2N2  5.644  x  10_3N3  . 
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These  formulas  apply  for  0*C  <  T  <  40*C,  0  <  N  <  3. 


Conduct ivity 

Stogryn  also  provides  an  expreasion  for  the  conductivity.  However,  his 
expression  was  found  not  to  agree  with  measurements,  particularly  for  low 
values  of  normality. 

DeWane  and  Hamer  provide  accurate  formulas  for  determining  the  conduc¬ 
tivity  of  aqueous  sodium  chloride  solutions  at  the  temperature  T  *  25 *C  and 
data  in  tabular  form  for  conductivities  at  other  temperatures  [18],  The 
temperature  dependence  of  these  data  was  fit  with  a  linear  equation,  and  the 
following  expression  obtained  which  extends  the  formulas  for  T  ■  25*C  to  the 
temperature  range  15*C  <  T  <  25*C: 


o(T,N)  -  a (25°C,N)[ 1  ♦  c(N) CT-25)]  (25) 

0  <  N  <  0.01 

cr(25°C,N)  -  n[  12.653  -  8.974  N1/2  ♦  4.682  N  tn(N)  ♦  18.234  n]  (26) 

c(N)  -  0.0208  (27) 

0.01  <  N  <  0.1 

o(25°C,N)  -  n( 12.653  -  8.974  N1/2  ♦  6.8046  N  +  33.567  N3/2 

-  1.4148  x  102N2  ♦  1.6649  x  102N5/2)  (28) 

c(N)  -  0.0202  (29) 

0.1  <  N  <  1.0 
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o(25°C,N)  -  n( 12. 653  -  8.974  N1/2  +  11.385  N  -  10.403  N3/2 

.2  „  ,  „-l„,5/2> 


4.7224  N  -  8.2288  x  10"  N  ) 


c(N)  *  0.0193  . 


(30) 


(31) 
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APPENDIX  B 


APPROXIMATE  EXPRESSIONS  FOR  O/W  EMULSIONS 


The  low-frequency  value*  an<*  °lf»  04)  and  05),  are  obtained  by 
examining  Bruggeman's  formula  (5)  in  the  limit  u  ♦  0.  The  parameter*  in  this 
formula  are,  from  (9a, b) 

Crl  "  "  jC?l  *  erl  ’  <32) 
and  from  (10a, b)  in  the  limit  «  ♦  0 


{r2  -  cti  -  x';2  -  ero  -  jo2/“0 


(33) 


After  substitution  of  (32)  and  (33),  (5)  becomes 


<«’*0)2<V*rl)<tro‘*rl)  4  *  ^“>eo^a2^cr-£rl^"o(€ro”trl^  ^  ’ 


(“Eo,1(cro"trl)2  *  °2 


.2- 


(“£o>  €rero  4  °°2  * 


,  \2  2  7  2 

(we  )  e  ♦  o_ 
o  ro  2 


] 


(34) 


Now  on  equating  the  real  and  imaginary  part*  on  both  sides  of  (34)  and 
ag  the  lin 
the  real  parts 


taking  the  limit  w  ♦  0,  the  expressions  for  e  and  o  are  obtained:  for 

tLF  lf 


or 


°LF  "  °2(1“*1) 


(35) 


(36) 


and  for  the  imaginary  parts 
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°LF>  2 


(<CrLF-£rl>  'IT  ''ro^rl1]  * 


3ft 


'LF 


_  _  e  )  ,  (37) 

rLF  <?2  roJ  * 


which  on  substitution  of  (36)  gives 


‘rLF  *  (1-4l)3/2(jEr0-3tr!)]  ’  (38) 

The  expression  for  the  coefficient  (16)  will  now  be  obtained.  For 
frequencies  f  <  3  GHz  and  room  temperature  wt  «  1,  which 
makes  Crj  approximately 


r2 


’r2LF 


+  A? 


r2 


(e  -jo„/u>e  )  - 
ro  2  o 


j  (e  -e  )ut 

J  ro  r» 


(39) 


Here  A£f2  represents  the  deviation  of  the  electrical  properties  of  the 

saline  solution  from  the  low-frequency  values.  lAC^I  *-8  ®maH»  typically 

I  AC  „|/e  <  0.2.  A  similar  small  deviation  AE  is  anticipated  for  the 

1  r2 1  ro  r 

electrical  properties  of  the  emulsion 


'rLF 


*5. 


Bruggeraan’s  formula  (5)  can  be  written  as 


w(cr)  -  (i-*1)3w(cr2)  , 

with 

W(z)  =  (z-Crl)3/«  . 

For  small  variatons  in  Cr  and  Cr2»  as  in  (39)  and  (40), 


(40) 


(41) 

(42) 
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(43) 


W,(WACr  ‘  °-V  W’(er2LF)A5r2  • 


where  the  prime  indicates  differentiation  with  respect  to  the  argument 
performing  the  differentiation,  (43)  becomes 


After 


^rLF(2€r2LF'fgrl  *^rLFH 
5r2LF(25rLF+?rl>(er2LF 


S]  ■ 


which  on  substitution  of  (32)  and  (33)  and  setting  to  *  jueoA£r  becomes 


-  f  a>rlF’iaLF/*,,o)t(2ero4erl>  "  j2a2/wCoH  ^rLF-* 


2  oJl  rLF  rl 


(ero"*^°2/a>Co)[  (2€rLF+€rl>  “  j2°LF/u£o^  ‘'ro^rl 


>  -  j°2/weo3  j 


e  (e  **c _ )tu 

o  ro  r* 


Now  it  is  recognized  from  (39)  that  jl  **  only  of  importance  when  it 
is  comparable  to  or  greater  than  Oj/we^  i.e.,  when  the  loss  due  to  the 
dipolar  relaxation  of  the  water  molecule  is  comparable  to  or  greater  than  the 
loss  due  to  ionic  conduction.  Since  «  cro»  th*-#  implies  a2^uto  ^  £ro 
when  { A5r2 1  **  significant.  Thus,  in  (45)  the  term  Cro  -  a^/uto  may  be 
replaced  by  erQ«  A  similar  argument  shows  that  t  rLF  '  ■i0LF/“£o  **y  be 
replaced  by  erLF»  making  (45) 


to  ■ 


rrIF(2cro,trl)gtLF-crl) 

ero(2WtrlKero-trl> 


c(z  -c  )tv  . 
o  ro  r» 


When  the  conductivity  of  the  emulsion  is  expressed  as 


0  ■  °LF  *  ■  °LF  *  ?rLFrotf(ra,)1  ' 
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the  coefficient  FQ  it 


(2*xl09)2e  <«  -e  h 
O  TO  f 


ro 


»,ro,trl)(rrLr~Crl> 

(2Trir‘,rl,(,to-,rl), 


(48) 
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MISSION 

°f 

Rome  Air  Development  Center 


RADC  plans  and  executes  research,  development,  test  and 
selected  acquisition  programs  in  support  of  Command,  Control, 
Communications  and  Intelligence  (C3I)  activities.  Technical  and 
engineering  support  within  areas  of  competence  is  provided  to 
ESD  Program  Offices  (POs)  and  other  ESD  elements  to 
perform  effective  acquisition  of  C3I  systems.  The *  areas  of 
technical  competence  include  communications,  command  and 
control,  battle  management  information  processing,  surveillance 
sensors,  intelligence  data  collection  and  handling,  solid  state 
sciences,  electromagnetics,  and  propagation,  and  electronic 
reliability  /maintainability  and  compatibility.  • 


